Abstract Brain metastases (BM) from primary breast cancer can arise despite use of systemic therapies that provide excellent extracranial disease control. Local modalities for treating BM include surgery, whole brain radiation therapy (WBRT), and stereotactic radiosurgery (SRS). We sought to determine the benefits of SRS for management of BM arising from different biologic breast cancer subtypes. We reviewed records of 131 patients who received SRS for breast cancer BM between 2001 and 2013. Survival was estimated by the Kaplan-Meier method. Effects of tumor biology, number and location of lesions, and number of SRS sessions on survival were evaluated by Cox proportional hazards regression. Of the 122 patients with subtypes available, 41 patients (31 %) were classified as estrogen receptor positive/HER2
Introduction
Breast cancer is the second most common cause of central nervous system (CNS) metastases after lung cancer [1] . As patients with advanced breast cancer live longer due to improvements in systemic therapies, the incidence of brain metastases (BM) appears to be increasing [2] . Poor penetration of systemic therapies into the CNS can create a reservoir for tumor growth in the brain despite excellent control of extracranial disease. Local modalities for treating BM from breast cancer include surgery, whole brain radiation therapy (WBRT), and stereotactic radiosurgery (SRS). SRS is a relatively new modality of treating BM with radiation where lesions are precisely targeted with image guidance, sparing areas of unaffected brain parenchyma and thus reducing the potential for widespread and long-term neurocognitive dysfunction compared to WBRT [3] . The benefits of SRS for multiple synchronous lesions or retreatment of subsequent metachronous lesions in breast cancer are promising, but as yet unclear.
Recently, several groups have published retrospective institutional experiences using SRS for BM from breast cancer [4] [5] [6] . One group identified ER status, HER2 status, Karnofsky Performance Score (KPS), and primary tumor control as significant factors impacting overall survival after SRS, whereas the number of brain lesions did not influence survival [4] . Another group found that age and number of lesions were significant but breast cancer subtype and KPS were not important [5] . Yet another group reported that improved survival was associated with controlled extracranial disease, HER2 status, fewer lesions, and KPS but not ER status [6] .
Because of the conflicting data and several unanswered questions, we reviewed our experience using SRS as treatment for BM in breast cancer patients. Our goal was to identify which patients would benefit most from upfront therapy with SRS and which patients might furthermore benefit from salvage treatment with SRS as opposed to WBRT. We analyzed the impact of various clinical factors including breast cancer subtype, number of lesions, number of SRS sessions received, age, location of extracranial disease, and prior therapy with WBRT.
Patients and methods

Patient selection
We identified 131 consecutive women with breast cancer who received SRS for BM between March 2001 and March 2013 at the University of Washington/Harborview Medical Center. Diagnosis of BM was based on imaging findings and/or biopsy. Clinical chart records and follow-up data for these patients were reviewed, and a research medical record abstract was created for each patient. Characteristics including histology, stage at diagnosis, ER and HER2 receptor status, number of BM, location of lesions, and sites of extracranial disease were recorded in the abstract. Other treatments for BM including surgery, WBRT, and sequential treatment episodes with SRS were also captured. When available, systemic treatments with cytotoxic chemotherapy, endocrine therapy, and targeted therapy were included. Information on progression and death was obtained from medical records and Social Security Death Index. Our investigation was approved by our institution's Institutional Review Board.
Pathology Tumors were classified as ER
? by standard immunohistochemistry in accordance with CAP/ASCO guidelines. ER was interpreted using a modified H-score system (Allred) based on the proportion of cells staining and intensity of staining:[1 % of cells with weak staining intensity (Allred score 3 of 8) were the clinically validated threshold for a positive result [7] . Progesterone receptor (PR) status was not captured. HER2 status of primary tumors was determined using either IHC method and/or gene amplification method using fluorescent in situ hybridization (FISH) technique. Tumors were classified as HER2 positive (HER2 ? ) if the protein was overexpressed by IHC (score C 3) or amplified by FISH (HER2/CEP17 ratio 2).
Radiation Therapy: All patients were treated with the Leksell Gamma Knife using standard techniques with head frame immobilization. Treatments were planned from a T1 MRI obtained the same day using 1.4-mm axial slices following gadolinium contrast administration. The lesions were targeted with a peripheral dose of 14-24 Gy in a single session to the 40-60 % isodose surface. In general, dosing was based on results from Radiation Therapy Oncology Group 90-05 dose escalation trial [8] .
Patients were given steroids prior to treatment dependent on their clinical status. In general, there was an attempt to minimize the use of steroids. However, each patient was given a single dose of 10-mg intravenous or oral dexamethasone on the day of treatment prior to undergoing the radiosurgery session. After treatment, steroids were used only in patients who had clinical symptoms of cerebral edema. Patients were followed by serial brain MRI imaging, 1 month after treatment and then every 2-4 months thereafter. Surveillance imaging and clinical context were used to determine if salvage therapy was required.
Statistical methods
Overall survival was estimated using the Kaplan-Meier method. The association between mortality and the covariate of interest was assessed using hazard ratios estimated by Cox proportional hazard models (p \ 0.05 was considered statistically significant). An interaction test was performed to assess if covariates representing multiple groups had varying hazard ratios relative to mortality. If the interaction term was deemed statistically significant, separate Cox proportional hazard models were constructed for each group of that covariate.
Results
A total of 131 patients with breast cancer who received SRS for BM had their charts reviewed. 99 patients were deceased at the time of this analysis and 32 patients were alive at the time of last follow-up. The median follow-up from time of first SRS for survivors was 24 months. Median age at time of first SRS was 50 years. Table 1 . Seventy-nine patients (60 %) received their first session of SRS as their initial therapy of BM, 43 patients (33 %) received first SRS as salvage treatment after upfront WBRT, 4 patients (3 %) received SRS as a planned boost after WBRT, and 5 patients (4 %) received SRS as planned boost after surgery. Eleven patients received WBRT as salvage therapy after initial treatment with SRS alone and 2 patients received WBRT as salvage after upfront therapy with surgery followed by SRS boost. Neither prior WBRT (HR = 1.18, p = 0.4) nor age (HR = 1.00, p = 0.5) had a significant impact on overall survival. The only extracranial site with a significant association for mortality was the liver (HR = 1.52, p = 0.039). Fourteen patients (11 %) presented with metastatic disease only in the brain.
Survival by breast cancer subtype
In our cohort of patients, the median time from SRS to death was 15.7 months. Survival rates by subtype are shown in Fig. 1 . Among patients with HER2
? disease, there was no significant difference in survival between patients with ER ? and ER -disease (p = 0.72). Patients with TNBC had significantly lower median overall survival at 7 months, which was less than half of the median survival of any other group.
Survival by number of lesions
The median number of lesions treated with first session of SRS was 3 (range . Univariate analysis of the association of the number of lesions and overall survival was performed using the Cox proportional hazards model. Each additional lesion was associated with an increased hazard rate of 6.7 % (p = 0.0016). For prediction of survival, there was a significant interaction between number of lesions and subtype of breast cancer (p = 0.0242). Therefore, we investigated the influence of number of lesions on survival in each of the four subtypes separately ( Table 2) . For all subtypes other than ER ? HER2 ? , increasing number of lesions was associated with increased risk of death. A likelihood ratio test was performed to examine whether number of lesions added significant information to the Cox regression model of survival versus breast cancer subtype. Number of lesions did indeed add predictive power (p \ 0.0001). Likewise, the addition of breast cancer subtype to the Cox regression model of survival versus number of lesions also added predictive power (p \ 0.0001).
Survival by location of lesions: Univariate analysis of the association of the location of lesions and overall survival was performed using the Cox proportional hazards model. The strongest associations for mortality were seen for lesions in the cerebellum (n = 66, HR = 1.46, p = 0.059) and brain stem (n = 12, HR = 2.66, p = 0.002). Significant associations were not detected between the locations of the lesions and breast cancer subtypes. However, a separate analysis performed on patients with cerebellar lesions alone identified a difference between risks of mortality by subtype (Table 3) . Patients with TNBC had a significant increased hazard of death with cerebellar lesions whereas the other groups did not.
Survival by repeat sessions of SRS Forty-seven patients (36 %) received two or more sessions of SRS and the mean time between first and second SRS sessions for these patients was 13 months. Median time from first to second session of SRS differed by breast cancer subtype. Median time to second SRS for ER ? HER2
patients was 17 months (n = 10); ER ? HER2 ? patients, 12 months (n = 17); ER -HER2 ? patients, 10 months (n = 13); and TNBC patients, 6 months (n = 6). The association between subtype and time to second SRS, WBRT, or death was assessed as a surrogate for failure of disease control in the brain. On Cox regression, TNBC patients had a significantly shorter time to the surrogate endpoint than non-TNBC patients (Table 4 ). Fifteen patients received three sessions of SRS, 5 patients received four sessions, and 1 patient received five sessions. Mean time from second to third, third to fourth, and fourth to fifth sessions was 9, 15, and 7 months, respectively. Each additional session of SRS was associated with a decreased hazard ratio for death at 0.5384 (p \ 0.0001).
Effect of targeted therapies for HER2
? patients: For the 53 patients with HER2
? disease, receipt of systemic HER2-targeted therapies was tracked. All 53 patients received trastuzumab, 31 patients (55.4 %) received lapatinib, and 3 patients (5 %) received ado-trastuzumab emtansine (no patients received pertuzumab). In a univariate analysis of HER2-targeted therapies in HER2 pos patients, having received lapatinib was associated with a decreased hazard ratio for death at 0.4233 (p = 0.0143).
Discussion
For patients with BM from primary breast cancer, local therapies include surgery, WBRT, and SRS. While algorithms in systemic therapies have evolved to reflect the differences in biology and natural history of different breast cancer subtypes, the same is not true in the treatment of BM. At present, there are no guidelines incorporating differences in outcomes for BM arising from different subtypes of breast cancer. There is also no consensus on how SRS should be utilized in the setting of multiple synchronous lesions or subsequent new metachronous lesions.
Historically, the first strategies for SRS in patients with BM from all cancers involved SRS with WBRT. A prospective randomized trial from the Radiation Therapy Oncology Group (RTOG) showed a significant improvement at 6 months in KPS and less steroid use in patients who had a boost treatment of SRS with WBRT compared with those who did not [9] . Japanese investigators conducted a prospective randomized trial evaluating survival and neurocognitive changes for patients with 1-4 BM from [12] .
In our present series, we show that there are significant differences in overall survival between patients based on their breast cancer subtype. TNBC patients had a median overall survival of only 7 months from time of SRS, whereas the other groups all had survival greater than 1 year. TNBC patients had a significantly increased hazard of next event as defined by second SRS, WBRT, or death. For the 6 patients with TNBC who had a second session of SRS, median time from first SRS to second was only 6.5 months. One other group has previously reported a grim prognosis in patients with BM from TNBC. In their report, patients treated with upfront WBRT, the median overall survival after diagnosis of BM was only 3.7 months [13] . Patients with TNBC appear to have poor overall survival and truncated period of CNS control regardless of upfront SRS or WBRT. With a median overall survival of only 7 months in our study, TNBC patients would be the least likely to suffer the long-term neurocognitive effects of WBRT; however, the short term side effects and increased duration of therapy compared to SRS remain potential concerns. From our dataset, we are not able to distinguish if the deaths in patients in TNBC are due to CNS relapse or to poor systemic control, but given the short time to CNS retreatment in our TNBC patients, we speculate that it is likely a combination of both factors.
For subtypes other than TNBC, survival at 1 year was greater than 50 %. For patients with any HER2
? disease, survival at 2 years was approximately 50 %. These patients, if treated upfront with WBRT, would be at risk of developing long-term toxicities associated with WBRT.
Patients with ER
? HER2 -disease had the longest time between first and second sessions of SRS, which suggests that the indolent nature of extracranial disease in this subtype may also be true for the intracranial disease burden. The hazard ratio of next event as defined by second SRS, WBRT, or death was not statistically different between the three non-TNBC groups. HER2 ? patients in our series showed the greatest benefit from SRS and were more likely to receive subsequent sessions of SRS. While pertuzumab was not clinically available during the period of our analysis, all patients received trastuzumab and other effective systemic therapies to control extracranial disease. In our analysis, there was no significant interaction between survival and the number of lesions with first SRS in patients with ER ?-
HER2
? disease. Location of lesions in this group was also unlikely to affect survival. For patients with ER ? HER2
? disease, upfront treatment with SRS (even for multiple lesions) as well as subsequent treatment with SRS for recurrent BM should be considered because of their long overall survival and duration of benefit. These conclusions drawn from our experience are consistent with the latest guidelines from the American Society of Clinical Oncology (ASCO) for treatment of BM in HER2 ? patients. The recommendations endorse use of SRS for initial treatment of favorable prognosis patients with up to 4 BM and also for select patients with progressive intracranial disease [14] . Recommendations from the American Society of Radiation Oncology (ASTRO) similarly support the use of SRS for single and multiple brain lesions in patients with a good prognosis. For breast cancer patients, HER2
? disease, good performance status, and age\70 are important factors in determining favorable prognosis [15] .
Interestingly, patients who received lapatinib had a marked decrease in hazard of death on a univariate analysis. Lapatinib is a HER2-targeted agent that has some ability to penetrate the blood-brain barrier [16] , and there is clinical data to suggest activity against BM [17] . Other explanations for the differences observed in our population may be that patients who received lapatinib were treated more recently in a time period with improved systemic agents and/or that these patients represent those with better tumor biology who lived long enough to receive another line of HER2-targeted therapy.
In the study by Aoyama et al., serial neurocognitive evaluations with Mini-Mental State Examination (MMSE) showed that at 3 months, more patients in the SRS plus WBRT versus SRS alone group had a preserved MMSE (76 % vs. 59 %) but at 36 months, the SRS alone group had higher rates of preserved MMSE (52 % vs 15 %) [11] . The investigators postulated that WBRT was effective at preventing the neurocognitive decline from brain tumor recurrence in the early phase but perhaps contributed to continuous deterioration of neurocognitive function in longterm survivors. A different study from MD Anderson Cancer Center comparing neurocognitive function after SRS vs SRS plus WBRT showed that the addition of WBRT resulted in significant decline in learning and memory at 4 months after treatment [3] . These data are consistent with the literature on neurocognitive effects from prophylactic cranial irradiation (PCI) used for patients with limited stage small cell lung cancer [18] . Late adverse events usually develop 6-24 months after PCI and can consist of mild symptoms such as inattention and memory loss or more severe sequelae such as dementia. While there are no prospective studies on the neurocognitive effects of WBRT on breast cancer patients, we can assume similar late toxicity risks for long-term survivors. Because patients with BM from non-TNBC breast cancer generally live longer than patients with BM from other primary histologies [19, 20] , we can expect that overall, breast cancer patients are at higher risk for late toxicities from WBRT [15] . Limitations of our study include that it is a retrospective analysis. We were not able to assess the impact of KPS on survival as performance status was difficult to capture by chart review. However, SRS in our institution was generally only offered to patients with KPS [70. Information on primary disease control was also difficult to extract as twothirds of the patients received at least some of their systemic care outside of our medical system. We were also unable to extract tumor volume from our treatment records, which would be another interesting factor to consider in assessing the efficacy of SRS.
Future directions for further defining the best use of SRS as local therapy in BM from breast cancer could include a prospective multi-institutional registry study. Factors noted to have a significant impact on survival from retrospective experiences could be better captured in such a prospective approach. The addition of quality of life metrics in new studies would further aid clinicians and patients in making treatment decisions.
Conclusion
SRS is a noninvasive and effective treatment modality for BM from breast cancer. Patients with ER ? HER2 -disease and patients with HER2
? disease have significantly longer overall survival following SRS compared to patients with TNBC. Patients with TNBC have a guarded prognosis and better treatments are needed. In the meantime, the driving factor for deciding which treatment to use should factor in minimizing side effects due to the relative short survival time. Patients with ER ? HER2 ? disease have the longest duration of overall survival following SRS, and SRS should be strongly considered even for patients who have multiple lesions and for patients in the salvage setting for recurrent brain lesions after initial therapy.
